Peak-to-peak distances between two dense lines of the unit membranes of cell organellcs were measured on electron micrographs. Thesc distances were compared with corresponding mcasurements on the plasma mcmbrane and assigned a percentage value. The comparison bctwccn organclle and plasma membrane was always carried out with the same negative, in order to exclude as far as possible errors due to differences in focus or other causes. It was revealed by this study that the membranous structures of thc ccll can be classified into two groups, one thicker and one thinner. Unit membranes of the thicker group (synaptic vcsicles, vesicles and capsules of multivesicular bodies, Golgi vesicles) were not significantly different in thickness from the plasma membrane. Unit mcmbrancs of the thinner group (mitochondria, nuclear membranes, Golgi lamellac, endoplasmic reticulum), however, were between 85 and 90 per cent of the thickness of the plasma membrane.
INTRODUCTION
Since the studies of Robertson (9) (10) (11) , it has been repeatedly observed that the plasma membrane and various other membranous components of the cell consist of a triple-layered structure: two dense lines bordering a less dense zone between. Robertson, who named this triple-layered membrane the "unit membrane," noted that the thickness of each of the two dense lines was about 20 A and that of the less dense zone about 35 A, hence approximately 75 A over-all. He found that the unit membrane pattern was present among endoplasmie retieulum, nuclear envelope, mitochondrion, Golgi complex, and plasma membrane and that the over-all thickness of each of these various membranes was approximately 75 A. He dealt only with approximate measurements of thickness and hence did not attempt to classify these various membranes on a basis of thickness.
His estimate of the thickness of the unit membrane has been accepted by many electron microscopists (1, 2, 4, 5, 12) , although most of these authors calculated all three layers at about 25 A respectively, as did Robertson himself in his early study (9) . However, different values of thickness were also claimed by a few investigators. Freeman (3) stated in his paper that the membrane of mitochondria was resolved into three strata: two dense outer layers of 15 to 17 A and a lucid core of 20 to 23 A, with a total thickness of about 50 to 60 A.
According to Karrer (6) , the membrane of rough-surfaced endoplasmic reticulum of phagocytizing macrophages in the lung is about 50 A in thickness and does not show the unit membrane structure, whereas the plasma membrane and the limiting membranes of vesicles and of vacuoles exhibit a double-lined structure 70 A in thickness, so that the membranes of the reticulum are somewhat thinner than the plasma membrane. Smith (12) reported that the membranes of the sarcosomes and of the sarcoplasmic reticulum vesicles of insect flight muscles did not show triple layering, even when immediately adjacent to a region of the plasma membrane where the 75 A unit membrane structure was quite evident. Moreover, while the membrane of the sarcosomes was ca. 75 A in width, that of the sarcoplasmic reticulum vesicles was quite distinct, being only 50 A in width.
The present study was undertaken with the object, first, of checking Robertson's finding with respect to the presence of the unit membrane pattern in the membranous components of cells (mitochondrion, nuclear envelope, Golgi complex, granulated endoplasmic reticulum, muhivesicular body and synaptic vesicle) and, second, of determining whether any differences exist in the spacing between the two dense lines of the unit among these cell components.
MATERIALS AND METHODS
For the material of this study, abdominal sympathetic ganglia of American bullfrogs, Rand eatesbeiana, were used. Immediately after removal from the pithed animals, the ganglia were fixed in ice-cold 1.3 per cent potassium permanganate solution buffered at pH 7.4 with s-collidine for 3 hours. The tissues were rapidly dehydrated through a series of graded concentratiom of ethyl alcohol and embedded in Epon 812 according to Luft's routine (8) . Ultrathin sections were cut on a Porter-Blum microtome and were stained with a half-saturated aqueous solution of uranyl acetate for 4 to 7 hours. They were examined under an KCA EMU 2C electron microscope fitted with a Canalco compensator, a 40/z objective aperture and a specially stabilized lens power supply. About 13,000 times direct magnification was usually employed for the present observations.
The spacing of unit membranes of the membranous structures in ganglion cells, satellite cells, and synaptic terminations was measured as follows:--Peak-to-peak distance between two dense lines of a unit membrane of a cell organelle (mitochondria, vesicles, etc.) was measured on an electron micrograph (about 200,000 times, final magnification) by means of a Bausch & Lomb Measuring Magnifier. This measurement was made at 15 to 25 points on the segment of unit membrane of interest in each micrograph in order to compute the average distance. Densitometric tracings were occasionally carried out as a supplementary measuring method, mainly as a check on the measuring magnifier, to see if the center of each dense component of the unit membrane as selected by eye agreed with the peak of the densitometric tracing. Then, the average peak-topeak distance of the unit membrane of plasma membrane was measured in the same way on a second electron micrograph printed at the identical magnification from the same negative as that used for the organelle. (A separate print was made for convenience, since a single print from the 2 x 2 inch frame at 200,000 X would be about 3 feet square.) Both average distances were compared, and the relative thickness of the unit membrane of the organelle with respect to that of the plasma membrane was calculated and assigned a percentage value. Similar relative measurements were repeated on many negatives. The comparison between organelle and plasma membrane was always carried out with the same negative, in order to exclude the possibility of any errors that might be caused by differences in focus or any other event that might alter the spacing or apparent magnification of the unit membrane from micrograph to micrograph. In all, 117 cells and 28 nerve endings were used for the present measurement.
These measurements provided the relative thickness of the unit membranes for comparison between cell organelles and plasma membrane. In addition, the absolute spacing of the unit membrane of the plasma membrane was measured with the measuring magnifier on micrographs printed from 14 different negatives that were judged to be closest to exact focus. Micrographs for this purpose were taken after the microscope was calibrated with a carbon grating replica (Ernest F. Fullam, 28,800 lines/inch) on the same day. Mean and standard deviations of the absolute peak-to-peak distance between the two dense lines were 52.00 and 2.17 A, respectively; the maximum spacing in these 14 negatives was 55 A and the minimum 48 A. The mean distance of 52.00 A probably falls well within the limits of Robertson's approximate measurements.
RESULTS AND DISCUSSION
In confirmation of Robertson (ll), my micrographs showed, in addition to the plasma membrane, many other membranous structures of the cell which likewise demonstrated the triple layering (Figs. 1, 9, 4 to 7). Among these structures the following (see Table I ) were selected and their spacing measured. The results of these measurements are summarized in Table I .
Robertson (10) pointed out that a very small alteration in the focus of the microscope produced a significant difference in the apparent thickness of the unit membrane. Many factors could also be enumerated which might alter the apparent spacing or magnification of the unit membrane from micrograph to micrograph. It is, therefore, essential for comparison of the spacing of unit membranes that every procedure should be carried out under identical conditions, and for this reason great care was taken, as mentioned above, to exclude as far as possible errors due to variation in focus or to other causes.
Densitometric tracings across the unit membrane (Figs. la, lb, 2a, 3a) show that the density of the two opaque lines decreases gradually with their distance from the peak; none of the three layers of the unit membrane shows a distinct cutoff or boundary. Consequently, it is hardly possible to make an exact measurement of the width of any of the layers or of the unit membrane as a whole, because no edges can be recognized with certainty. Furthermore, the slope of density change in the densitometric tracing is related to the photocondition for high spatial resolution), the resulting trace is usually very irregular. The irregularity results from both photographic grain (which can be minimized) and phase contrast granularity in the image structure (which is difficult to suppress and still retain contrast). The irregularity of the tracing may require considerable smoothing to locate the "center" of the peak representing the line in the image. Conversely, if the trace is smoothed by lengthening the slits parallel to the line being measured (thus reducing resolution in one direction), the accuracy of the trace becomes very sensitive to curvature of the line being meas- graphic processing methods, so that even an arbitrary criterion of width, such as the width of the peak at half its height (the "half-width") is subject to variation from laboratory to laboratory. However, the location of the peak is invariant with respect to photographic processing (for small density differences) and should be affected only by electron optical errors. Measurements of peakto-peak distance are likely to be the most reliable form in which to present the data, and for this reason it was the method used in this paper. The difficulties of locating by eye the center of an irregular or granular line are apparent intuitively. However, the use of a recording densitometer does not fully resolve the uncertainty either. From an operational standpoint, several problems crop up with the densitometer. If one sets the slits of the densitometer so that they are narrow and short (a ured, or to its alignment with the slits of the densitometer. Smoothing may also be accomplished by superimposing many traces. All of these corrections seriously retard the measurement of spacings, and tie up an expensive apparatus.
From the theoretical standpoint, the "center" of the electron microscopic image of a line is a statistical concept best interpreted in terms of the distribution of a population of discrete elements. The eye is fairly good and very fast at centering such distributions, particularly if they are reasonably symmetrical, as is the case in these experiments (Figs. 2a, 3a) . Repetitive measurements at various locations on a segment of unit membrane build up a population of measurements which statistically do not appear to be inferior in accuracy to those made with the densitometer. Comparison of visual data against photometric data does not reveal systematic errors. The densitometer is essential where numerical integrated or peak optical density is required, and for which the eye is notoriously poor. It would appear that visual estimates of center-to-center distances are fast and accurate, particularly when checked occasionally with a recording densitometer. Accuracy of the visual measurement was also proved by its reproducibility. Average spacings of some unit membranes were repeatedly measured at different times and were found to be reproducible.
As can be seen from Table I , the membranous cytoplasmic structures which exhibited triple layering were classified into two groups, one thinner (Group I) and one thicker (Group II). Membranes of the cell organelles in Group II (synaptic vesicles, vesicles of multivesicular bodies, Golgi vesicles and capsules of multivesicular bodies) were not significantly different from the plasma membrane in spacing of the unit membrane. However, membranous structures of Group I (mitochondria, nuclear membranes, Golgi lamellae, and granulated endoplasmic reticulum) displayed significantly thinner spacing than the plasma membrane.
Robertson (11) considered that plasma membrane and some other membranous components of the cell have the same organization, the approximately 20-35-20 A unit membrane. M y findings agree with his description in so far as these membranous structures show triple layering. The present study, however, has revealed that the spacing of the layers is not the same for all the membranes. Some membranes are as thick as the plasma membrane, but others are distinctly thinner. Very recently, Ledbetter (7) reported that the plasma membrane and tonoplast of osmium tetroxide-fixed plant ceils showed the unit structure of about 100 A over-all thickness in contrast to unit membranes of about 50 to 70 A from the proplastid and mitochondrion. His findings also indicate that the dimension of the unit membrane is not constant for all membranous structures of the cell.
In line with comments by both Karrer (6) and Smith (12) , I also have experienced difficulty in showing the triple-layered structure in membranes of Group I organelles when osmium tetroxidefixation was employed. Even with permanganate fixation, the unit membrane structure of Group I organelles was not so easily demonstrable as in the Group II organelles. Difference in the spacing of the unit membrane may be one of the reasons for this.
This study was made while the author was in the Department of Anatomy, University of Washington, Seattle, as a Postdoctoral Fellow of The Rockefeller Foundation, New York. The work was supported in part by United States Public Health Service Grants 2G-136 and B-2698.
All electron micrographs in this study are from thin sections of the abdominal sympathetic ganglion in American bullfrogs, fixed in 1.3 per cent potassium permanganate buffered with s-collidine to pH 7.4, embedded in Epon 812, and stained with a halfsaturated aqueous solution of uranyl acetate. The arrows indicate portions where the unit membrane structure is obvious. 
FIGURE
Endoplasmic reticulum of a ganglion cell The unit membrane structure is seen in some portions of the reticulum. Arrow a indicates the point where the densitometric tracing was made. >( 225,000.
FIGURE ~a
Densitomctric tracing of the unit membrane of the endoplasmic reticulum. The tracing point is indicated by arrow a in Fig. 2 .
FIGURE 3
A unit membrane from the plasma membrane. This picture was printed from the same negative and at the same magnification as Fig. 2 . Compare the thickness of the unit membrane in both figures. Densitometric tracing was carried out at the point indicated by the arrow. X 225,000.
FIGURE 3a
Densitomctric tracing of the unit membrane of the plasma membrane. The tracing point is indicated by the arrow in Fig. 3 . A portion of a Golgi lamella where the typical appearance of the unit membrane is demonstrated. X 203,000.
FIGURE 5
Golgi vesicles showing the unit membrane structurc. X 203,000.
FIGURE 6
A unit membrane from the nuclear membrane. N, nucleus; C, cytoplasm. X 225,000.
FIGURe. 7
A multivcsicular body showing thc unit membrane structurc. X 203,000.
